The paper presents luminescence properties of telluride glass doped with Yb 3+ /Tm 3+ ions. Strong blue emission at 477 nm corresponding to the transition 1 G 4 → 3 H 6 in thulium ions was measured under the excitation of a 976 nm diode laser. The dependence of the upconversion emission upon the thulium ions concentration was studied in order to determine the optimal ion content. The results showed that intensity of upconversion emission enhances, with the increase of Tm 3+ content up to 0.1 mol.%. The most effective energy transfer Yb 3+ → Tm 3+ occurs in the glassy matrix with molar ratio of dopant 1 Yb 3+ : 0.1 Tm 3+ . Double-clad optical fibre was made of glass with the highest upconversion intensity at the wavelength of λ = 477 nm (TGPF101). As a result of optical excitation (λ = 976 nm) of the produced optical fibre, an additional emission line, which was not noticed in the glass, was observed at the wavelength of 351 nm corresponding to the 1 D 2 → 3 H 6 transition.
Introduction
The needs of contemporary optoelectronics impose the search for new glassy materials that are able to propagate electromagnetic radiation over a broad spectrum range. The choice of matrix and optimization of its chemical, electrooptical and magnetooptical properties determine the range of their applications [1] [2] [3] . Low phonon energy in telluride glasses (≈ 750 cm −1 ) has an impact on the reduced effect of multiphonon relaxation, thus preventing high radiant emission to be obtained. Therefore, telluride glasses are usually applied in optical waveguides [2] [3] [4] [5] [6] . Solid-body lasers emitting radiation within the blue wavelength range are commonly used nowadays in data recording/reading systems in HD quality, colour displays or diagnostic medicine. Obtaining efficient blue upconversion in glass matrices applied on the core of fibre lasers is possible thanks to the use of a rare earth element, such as thulium [7] . The increase in the luminescence band intensity resulting from transitions in the structure of thulium energy levels is attainable due to introduction of a sensitizer in the form of Yb 3+ ions [7] . In this article a series of telluride glasses doped with the Yb 3+ /Tm 3+ ion system was presented in order to determine the conditions of energy transfer between energy levels of active dopants. The analysis of population density at the levels of metastable dopants was carried out. The determined luminescence parameters suggest the possibility of applying the produced glasses in fibre lasers generating radiation in the visible spectrum. In this article tellurium glass doped with Yb 3+ /Tm 3+ ions is presented. As a result of exciting with a laser diode * corresponding author; e-mail: domdor@pb.edu.pl (λ = 976 nm) the effect of luminescence at the wavelength of 477 nm (
H 6 ) was observed, which appeared due to upconversion in the energy structure in Tm 3+ ions.
Experiment
The TeO 2 -GeO 2 -PbO-PbF 2 -BaO-Nb 2 O 5 -LaF 3 system glasses doped with Yb 3+ /Tm 3+ ions were melted from spectrally pure (99.99%) raw materials. The homogenized set was placed in a platinum crucible and melted in an electric furnace in temperature of 900
• C for 30 min in an argon atmosphere. The molten glass was poured out onto a brass plate and then exposed to the process of annealing in the temperature approximate to the transformation temperature for 12 h. Homogeneous and transparent glasses were obtained without visible effect of crystallization. In order to determine spectral properties a series of samples with the dimensions of 8 × 8 × 3 mm 3 were prepared. The spectral transmission measurement within the range from 0.5 to 1.7 µm was taken using an Acton Spectra Pro 2300i monochromator with an InGaAs detector, and within the range from 2.5 to 50 µm with a SPECORD M80 spectrophotometer. The glass density, ρ, was calculated using the method of hydrostatic weighing. The refractive index (633 nm) was determined with the aid of a Metricon 2010 refractometer. The characteristic temperatures of the obtained glasses were calculated based on the measurement taken with a SETARAM Labsys thermal analyzer using the differential scanning calorimetry (DSC) method. The luminescence spectrum within the range from 400 to 700 nm was measured at a station equipped with a Hamamatsu TM-C10082CAH spectrometer and a laser diode (λ p = 976 nm) with an optical fibre output having the maximum optical power P = 30 W.
Results and discussion
In Table I The light transmission in the visual and the near infrared spectrum is at the level of 90%, which has a considerable impact on the pumping efficiency and energy transfer between active dopants. Moreover, the main advantage of the produced glasses is their high thermal stability determined on the basis of DSC measurement. The lack of exothermic peak (DSC) indicating glass crystallization was confirmed through experimentation and transmission losses resulting from multiple remelting of the glass were not found.
Absorption coefficient
Based on spectral transmission the absorption coefficient spectrum of the obtained glass doped with Yb
3+
and Tm 3+ ions ( Fig. 1 ) was calculated. Absorption bands originating from the complex structure of thulium corresponding to the following transitions:
F 3 were observed, as well as the band characteristic of the ion of ytterbium, corresponding to the
Transitions from the ground state to higher energy levels were described by the Paschen notation [7] . The high concentration of ytterbium in the matrix results in strong radiation absorption at the wavelength of 978 nm, thus facilitating efficient excitation of the Yb 3+ /Tm 3+ system. In practice, because of the excitation bandwidth and high quantum efficiency (≈ 90%), Yb 3+ ions are used as sensitizers in upconversion systems [5, 7] .
Glass luminescence and analysis of the influence of Tm
3+ concentration on the efficiency of energy transfer As a result of exciting glasses with the 976 nm wavelength radiation, two anti-Stokes luminescence lines were obtained, the first one was located at 477 nm, corresponding to the emission intensity I UP from the pump intensity I IR is determined by the condition:
where n is the number of photons absorbed in the infrared to the number of photons emitted in the visual spectrum.
The rise in the pump radiation intensity increases the number of absorbed photons to the Yb 3+ laser level, and according to condition (1), the emission intensity in the visual spectrum increases [5] . In order to increase the number of ions taking part in the process of upconversion, the constant excitation power was maintained with the variable concentration of Tm 3+ ions. On the basis of the Dexter model, the probability of nonradiative energy transfer (W DA ) is determined by the formula [8] :
where C DA -micro-parameter of the energy transfer between the donor and the acceptor, R = ((3/4π)N )
determines the mean distance between the active centres of ytterbium and thulium ions, N -total concentration of Yb 3+ and Tm 3+ ions in a given matrix (Table II) . The greater the number of thulium ions is, the smaller is the distance between the centres of active dopants, thus the probability of the Yb 3+ → Tm 3+ energy transfer is higher. In Fig. 3 the change of the emission intensity into 477 nm and 651 nm in the function of Tm 2 O 3 molar content is presented. It should be noted, however, that as the number of thulium ions was higher, the most efficient energy transfer was obtained in the glass doped with RE ions in the following proportion: 1.0 mol.% Yb 3+ : 0.1 mol.% Tm 3+ . In other cases the upconversion intensity is lower. 
For low concentrations of the Tm
3+ ion the mean atomic distance (R) is big enough to enable energy transfer with a smaller number of active centres. On the other hand, the increase in thulium ion concentration over 0.1 mol.% results in the effect of reverse energy transfer from Tm 3+ → Yb 3+ , which leads to a rapid quenching of the luminescence line at the wavelength 477 nm [9] .
Optical fibre luminescence
As a result of analysing thermal and optical properties of telluride glasses a double-clad optical fibre was produced. The core was made of the glass with the highest emission intensity of the Figure 4a shows the cross-section of the optical fibre with a core made of telluride glass doped with Yb 3+ /Tm 3+ ions. A high value of numerical aperture NA ≈ 1 (λ = 633 nm) permits easy coupling of the pump with the fibre and efficient excitation of the active core (Fig. 4b) . Figure 5 shows the luminescence spectrum obtained as a result of exciting the optical fibre with the 976 nm wavelength pump radiation. The pump power, introduced directly into the optical fibre face, amounted to P opt = 2 W. While compared to the glass luminescence spectrum, in the optical fibre an additional emission line was observed at the wavelength of 351 nm, corresponding to the Such an effect usually appears in fluoride glasses [10] and in case of the produced optical fibre it is the result of using fluoride compounds, such as PbF 2 and LaF 3 . In addition, because of the high numerical aperture, large power densities of the pump radiation in the fibre were obtained, which leads to the effect of phonon summation by energy transfer in the energy structure of the Tm 3+ ion [11] .
Mechanism of upconversion
The mechanism of upconversion appearing in the Yb 3+ /Tm 3+ ion system excited with the 976 nm wavelength radiation is related to quantum effects occurring between active dopant centres [12] . Because of the discrepancy between the energy levels of Tm 3+ and Yb
3+
ions, the interdipole interaction has a non-resonant character and the energy transfer is nonradiative with the participation of phonons [13] . The process of excitation conversion is shown schematically in Fig. 6 , in which dashed lines indicate transfers of an energy quantum from three successive relaxing photons from the excited level of the Yb 3+ ion. The population of the 1 G 4 level, while being excited with the pump radiation (978 nm), has been described in the following steps [12, 14] 
III. Analogically, the absorption from the 3 H 4 excited state occurs in consequence of the energy transfer from the third in turn Yb 3+ ion, leading to population of the 
Population density kinetics on metastable levels
Based on the mathematical model of energy transfer in the Yb 3+ /Tm 3+ ion system presented in the article [15] a numerical analysis of population densities on metastable levels was carried out. A glass with the highest luminescence level (TGPF101) was used for calculations, disregarding the influence of the Tm 3+ → Yb 3+ energy transfer [16] . Additionally, because of a rapid multiphonon relaxation (≈ 10 [17] :
where R 01 -the pumping speed of Yb 3+ ions, N Yb0 , N Tm0 -population densities on the ground level for ytterbium and thulium, respectively. The lifetimes of the upper laser levels of the τ Yb and τ Tm dopants and probabilities of radiative transitions of the A j acceptor were determined on the basis of the publications [17] [18] [19] [20] [21] , assuming the lack of interaction between active dopant centres. The energy transfer coefficients C DAi = W DA R 6 between the excited ion of the donor and the i-th level of the acceptor ion were calculated on the basis of the Miyakawa-Dexter model [22] :
where H DA is the Hamiltonian operator of interaction, S DA -spatial overlap of active cross-sections between the acceptor absorption and the donor emission. The pumping speed was determined according to the relation R 01 = P σ abs /Ahν, where P is the pump optical power, A -cross-section of the pumping radiation beam, σ abs -active cross-section to the absorption for the pump wavelength, hν -the pump photon energy. In order to solve the system of differential Eqs. (7)-(10) the Runge-Kutta method was used, assuming the zero population of energy levels at the moment t = 0. The parameters used in the presented kinetic model of population densities on metastable levels are specified in Table III . transition, a nonradiative transfer of energy to thulium occurs, leading to the increase in population densities of its higher energy states (Fig. 7b) . Analysing the results of the presented model it should be noted that the rise in the pump power increases both the density and the speed of populations in the energy structure of Tm 3+ , which results in the growth of the emission intensity from the 1 G 4 into the 3 H 6 level (λ = 477 nm).
Conclusions
As a result of the conducted research a thermally stable telluride glass doped with the Yb 3+ /Tm 3+ ion system was obtained. The produced glass is characterised by low-energy lattice vibrations, and the introduction of fluoride compounds, such as PbF 2 and LaF 3 , enabled to use a high concentration of rare earth elements (1.2 mol.%). While exciting obtained glasses with a 976 nm wavelength laser diode, a strong blue emission corresponding to the and Tm 3+ ions the mechanism of upconversion was discussed. The energy transfer coefficients, W DA , were calculated using the Miyakawa-Dexter model. The description of the upconversion mechanism was suggested based on the mathematical model of the population density kinetics on metastable levels of the Tm 3+ ion. For the pump power P pomp = 1 W all ytterbium ions become excited to the 2 F 5/2 level, from which, in consequence of the 2 F 5/2 → 2 F 7/2 transition, a nonradiative transfer of energy to thulium occurs, leading to the increase in population densities of its higher energy states. As a result of analysing thermal and optical properties of telluride glasses, a double-clad optical fibre was produced using the double crucible method. The core was made of a glass with the highest upconversion intensity at the wavelength of λ = 477 nm (TGPF101). As a result of optical excitation (λ = 976 nm) of the produced optical fibre, an additional emission line, which was not noticed in the glass, was observed at the wavelength of 351 nm corresponding to the 1 D 2 → 3 H 6 transition. Such an effect usually appears in fluoride glasses [12] , and in case of the obtained fibre results from using fluoride compounds, such as PbF 2 and LaF 3 .
